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We report transport measurements dowi t060 mK of SININ and SNIN structures in the diffusive limit.
We fabricated AI-AIOx/Cu/AlOx/Cu(SININ) and Al/Cu/AlOx/Cu (SNIN) vertical junctions. A zero-bias
anomaly was observed in a metallic SININ structure. We attribute this peak of conductance to coherent
multireflections of electrons between the two tunnel barriers. This conductance maximum is quantitatively fit
by the relevant theory of mesoscopic SININ structures. When the barrier at the SN interface is r¢gohed
structurg, we observe a peak of conductance at finite voltage accompanied by an excess of subgap conduc-
tance.
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Transport through a SIN junction is a very well-known fusive Nb/Au bilayers by scanning tunneling microscopy
problem for strong barriers, which leads to the spectroscopgpectroscopy and measured an indugathi)gap in the nor-
of the superconductdrHowever, when the resistance of the mal metal due to the proximity effect. Such a behavior was
normal metal is comparable to the resistance of the barrier, also observed by Guen et al1” with tunnel junctions depos-
guantum phenomenon, called reflectionless tunneling, takated on a copper wire in good contact with a superconductor
place. Experimentally, it is measured as a peak at zero voltaluminum. In this work we report the observation of the
age in the differential conductance characteristics of the SINero-voltage maximum conductance in a metallic SININ
junction. This zero-voltage maximum conductance comegunction, as well as the observation of a finite voltage maxi-
from coherent multiple Andreev reflections produced by themum conductance in its SNIN counterpart.
backscattering of electrons towards the SIN interface in- The SININ samples were fabricated by depositingitu
duced by disorder in the normal electrdd@This effect was  an Al/Cu/Al-AlOx/Cu multilayer in a dc magnetron sputter-
first observed by Kastalskgt al® in Nb/InGaAs contacts. ing device with a base pressure of TOmbar. First, a se-
Since then, reflectionless tunneling was mainly measured iquence Al(150 nm)-AlOx/Cu)/Al(10 nm) was sputtered
superconductor/semiconductor junctions with a moderaten a Si/SiQ 3’ wafer. The base electrode of aluminum was
transparent interface due to the annealed Schottky bafffer. oxidized with an exposure of 2 mTorr during one minute. To
Very few results were obtained in metallic SIN junctions form the NIN (Cu-AlQ-Cu) barrier, the thin AI(10 nm)
because a normal metal is not disordered enough to retroréayer was oxidized without breaking the vacuum under a
flect electrons towards the SIN interface and the oxide barcontrolled atmosphere of oxygepd=1 mbar) during one
rier is too opaque. hour. This aluminum layer was not fully oxidized but the

It was proposed to compensate for the lack of disorder ifemaining bilayer(Cu-Al) was not superconducting. We
the normal metal by a second tunnel barrier at some distansgant to stress the great asymmetry in oxidation conditions
d from the SIN interfacé* '3 The resulting SININ structure between the two barriers. They are of very different natures
would be the electronic analog of the Fabry-Perot effect inthick aluminum electrode oxidized vs thin oxidized alumi-
optical cavities. Coherent multiple reflection between thenum layer deposited on top of a copper lgy&onsequently,
two tunnel barriers enhances the conductance at low energery different oxidation conditions are needed to obtain com-
and leads to a peak in conductance, equivalent to the refleparable transparencigsee below. The multilayer deposi-
tionless tunneling anomaly in semiconductor/superconductdion was completed by a 50 nm copper protection layer.
contacts. The peak of conductance is not sensitive to elastithen, the base electrode and the junctions were defined in a
diffusion inside the device, because of the electron-hole cortwo-step optical lithography and dry etching procedure. The
jugation induced by the Andreev mirrt.However, if the sides of the junctions were insulated by deposition and lift-
electron and the Andreev-reflected hole do not have the santéf of silicon dioxide (300 nm. Finally, a copper counter-
energy(because of finite temperature or voltager they are  electrode(500 nm thick was depositedsee inset of Fig. JL
in the presence of a magnetic flux, a phase accumulates b&he junction area$ range from 22 to 30<30 um?. We
tween the two Andreev reflections, breaking the coherent adestimated the diffusion coefficient =64 cms* and the
dition of electronic amplitudes: the effect is then destroyedmean free path tb=12 nm in copper, so that the copper
Theories also predict a crossover from this zero-biagayer was in the diffusive limit. The SNIN samples were
anomaly to a finite voltage maximum conductance when thdéabricated using the same procedure, except the base elec-
transparency of the barrier at the SIN interface is higher thatrode of aluminum was not oxidized.
the transparency of the second barrier. This finite bias Before considering SININ or SNIN junctions, we mea-
anomaly is due to the opening of a gap in the normal layesured a simple 1810 wm? Al-AIOx/Cu (SIN) junction fab-
between the two tunnel barriers. Such a gap was observed iicated with an oxidation of 1mbar during ondédee Fig. L
N/S bilayers: Vinetet al'® and Moussyet al® studied dif-  From the value of the normal conductar@gy=0.36 S, we
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FIG. 1. Differential conductance versus voltage of a 10 V(mV)

X 10 pwm? SIN junction atT=60 mK. The sudden drop &

=0.7 Vis due to a critical current transition effect in the aluminum  FIG. 2. Conductance versus voltage characteristics of a 20
bank. No maximum of conductance is seen at low voltage. Insetx20 um? SININ sample at various temperatur€s-60, 90, 150,
Schematic cross section of the vertical SININ structure. 180, and 225 mK from bottom to top. The conductance steadily
increases at low voltageV50 weV) below T=200 mK. The

solid line represents the theoretical fit using the following param-
eters: T=60 mK, A=210 peV, I'gn=5%x10"7, Tyn=2

X 1078, T'i=4X10"°A, andGyy=0.23 S. Inset: Temperature de-
(;j)endence of the zero-voltage conductance of the same sample. The
solid line is the theoretical fit with the parameters noted above.

estimate its transmission coefficient T'gy
=Gnn(N/2)2/GoS=2Xx10"%, with Go=(128850) !
the quantum conductance and==0.45 nm the Fermi
wavelength in copper. The normal conductance is in goo
agreement with values measured by Kleinsassat!® They
estimated the barrier resistanRg as a function of exposure
E (oxidation duration times oxygen pressurR,(Q um?) lent agreement using the following parametdrs: 60 mK,
=2[E(Pa s)%4=3300 um? in our exposure conditions, A=210 weV, I'gy=5x10"7, [yn=2X10"°% TI'¢=4

in good agreement with the barrier resistance 100/0.36<10 °A, andGyy=0.23 S. This normal conductance leads
=280 (0 um?. Note that, due to the large area of the junc-to an effective transparency of the structure 10§y
tion, Gyy is much larger than in other measureméfitd!  =Gnn(Ae/2)?/GoS=4x10"7, in very good agreement
which limits possible Coulomb blockade effects. with the obtained transparencies of the barrierbgf;

As (incoherent Andreev reflection is the only transport +F§,1N)*lz4>< 10 7. We also note that the transparencies
process available below the superconducting gap, one exf the barriers are similar although the oxidation conditions
pects the ratio subgap conductance to normal conductance &we very different. This points out the very different nature of
be hereGg pgay/ Gun=21"gin=4X% 10" . However, we mea- the two alumina barriers.
sure Ggypgay/ Gun=7X 10" 3. This cannot be explained by Figure 3 shows the results of Volkov's theory for a SININ
thermal excitations, as they are exponentially small. Such diffusive junction when the transparendyyy of the NIN
ratio (~10 %) is consistent with other experimental barrier is varied: ifl"yy is too large as compared 1oy,
studie$®?°and may be due to inhomogeneities in the barrierthe zero-voltage conductance maximum is not observable. In
Another way to reconcile the observed relatively smallthis limit, the backscattering towards the SIN interface is not
Gsubgap/ G ratio with theory is to introduce a small finite large enough to produce the effect in our experimental con-
lifetime for quasiparticles in the superconductdt,  ditions. This is what we observe in the SIN cdsee Fig. 1
=0.0067A.2! The conductance-voltage characteristics of theOn the contrary ifl"yy is small as compared tBgy, the
SIN junction follows the usual Hamiltonian tunnel behavior zero-voltage maximum evolves into a finite voltage maxi-
and reproduces reasonably the BCS density of states of almaum conductance. In order to observe this crossover be-
minum (A=205 weV). The critical temperature of the alu- tween a zero- and finite voltage maximum, we considered a
minum banks isST=1.5 K. good SN interface casgarge'g)y), i.e., the generic SNIN

We then measured a 220 um? SININ structure. At  case.
large voltage, its differential conductance-voltage character- Figure 4 shows the differential conductance versus volt-
istic was close to the expected SIN-like characteristse2 age at various temperatures for the SNIN junction and the
inset of Fig. 2. Figure 2 shows the differential conductance-temperature dependence of the zero-voltage conductance:
voltage characteristics of this SININ structure at various tem-one observes indeed a finite voltage maximum conductance
perature at low voltage and the temperature dependence a6 expected. The differential conductance shows a dip below
the zero-voltage conductance. We observed a peak of co@5 uV at low temperature. The low-voltage feature de-
ductance around zero-voltage that we attributed to coheremreases with increasing temperature and vanishes arbund
multiple reflections between the two alumina barriers. This=140 mK. We also observe that the maximum conductance
zero-voltage maximum conductance is destroyed at temperés destroyed by a magnetic field of 19 T (data not shown
tures abov@ =200 mK,V=50 uV,andH=10"2 T (data The conductance peak is around 1& and does not move
not shown. We use the theory of Volkoet all? for the  significantly with temperature. We note a good agreement
diffusive SININ structure to fit our data. We obtain an excel- between voltage\(.=11 w«V) and temperature scale3{
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We cannot obtain a quantitative accordance with the

S . - theory, in particular because we observe an excess of subgap
E ] conductance, i.e., the integrated differential conductance is

larger thanGynX A, where Gy is the normal conductance

-1

5 10 above the gap. This is in contradiction with simple tunnel
gz 107 spectroscopy, the dip at low voltage being the minigap in the
~ 1T N/S t_)i_Iayer. Such a measurement would be thg produc.t of the
10°4__ o densities of states on each side of the alumina barrier and
e would obey an area conservation law, corresponding to the
1074 " conservation of the number of electrons. On the other hand,

04 03 02 01 00 01 02 03 o4 this excess 2if'- very similar to the reentrance observed by
V(mV Charlatet al=* in a mesoscopic Al/Cu contact, although the
(mV) system is completely different.

FIG. 3. Three types of behaviors for the differential conductance A POSSible explanation to reconcile our observation with
versus voltage, as predicted by the the(Ref. 12 for a SININ the spectroscopy of the minigap could be the presence of

structure when the transparerEy;,y of the NIN barrier is varied. heating at finite voltage. Indeed, there is no longer a conser-
Other parameters are kept constaft=60 mK, d=30 nm, D vation argument for the subgap conductance if the effective

=60 cnfs !, andl'g;y=5%10"". For a small NIN barrieflarge ~ temperature for Fermi distribution of electrons varies with
transparency yy), the conductance is flat in voltagat low volt- the voltage. As noted before the observed coincidence be-
age as in Fig. 1 for a SIN junction. For comparable barri€kgy tween the temperature and the voltage at which the conduc-
=Ign, @ zero-voltage maximum conductance is obtained as irtance is maximum is an indication that heating effects are
Fig. 2 (the fit is the same as presented in Fig.Fnally, for a small  probably important. We do not know of any model that takes
interface barrier SINIy;y<T's;y) a finite voltage maximum con- into account this effect in the context of a SNIN system.
ductance is obtained as in Fig. 4 for the SNIN case. In this last case, Qualitatively, shifting the tunnel barrier from the super-
nevertheless, the value of the subgap conductéinggarticular the conducting interfacéSNIN geometry leads to a very large
excess of subgap conductanceannot be reconciled with the jncrease of the subgap conductance as compared to SIN. Our
theory. explanation is based on the existence of Andreev states in the
SN bilayer that carry a large subgap current. This current can
=140 mK=12 weV/kg). This accordance has already been€ven exceed the normal current value at resonances, as was

noticed in the reentrance cont&or in other mesoscopic hoted in the ballistic case:*®

devices exhibiting coherent phenomériawas explained as Even if we cannot compare quantitatively the absolute
a heating effect in the normal reservoir. Theories do not prevalue of the subgap conductance with the theory, we note
dict such an accordance if an equilibrium distribution func-that within the formalism of Volkowet al,*? the differential
tion is supposed in the normal reservoir, mainly because otonductance is maximum at a voltage given kW

the asymmetric role of voltage and temperature in the Fermi=hD/L*x (I's;\d/l) (see Fig. 3 If we suppose there is no
function. Usually, larger voltage scales are expected but ndieating effect to shift the maximum of conductance, param-

observed. eters of our samplesV(=11 wV, 1=12 nm, d=30 nm,
and D=60 cnfs ) lead to an estimation of g;\=2
039 x 1073, an intermediate value between a clean interface and
—— T=70mK 5" a tunnel barrier, suggesting that the interface is disordered.
—o— T=90mK ] . . .
038 | ——T=120mK K U_nfortunately, a direct measurement of this factor is very
—v— T=150mK difficult.
7 We have fabricated Al-AIQ/Cu/AlOx/Cu (SININ) and
S 0374 Al/Cu/AlOx/Cu (SNIN) structures in the diffusive regime.
% We observe the zero-voltage maximum conductance in a
0.36- double-barrier SININ system, which is the analog of the
Fabry-Perot experiment with a superconducting mirror. Fur-
035 . . . . . thermore, by increasing the SN interface transparency, we
2006 004 -002 000 002 004 006 observe the crossover between the zero-voltage and the finite

V(mV) voltage maximum conductance. In SNIN, we measured a
subgap conductance larger than the normal conductance at
FIG. 4. Differential conductance versus voltage at various tem-any energy, similar to the reentrance effect. This excess con-
peratures. A finite bias anomaly is measured at/4\. Note the  ductance is not quantitatively understood theoretically. A
excess of subgap conductance as in mesoscopic SN junctions, capessible heating effect at finite bias, not present in the theo-
trarily to the predictions of the tunnel theory for SNIN junctions. ries, can prevent the direct comparison.

Inset: temperature dependence of the zero-voltage conductance in ) )
the SNIN sample. There is a maximum of conductance=a140 We would like to acknowledge B. Pannetier, A.F. Volkov,

mK, and a decrease of the conductance at lower temperature. We.D. Zaikin, F.W.J. Hekking, F. Pistolesi, and J.C. Cuevas
note the good correspondence between voltage and temperatui@r valuable discussions and J.L. Thomassin for technical
scales. support.
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